This paper considers flow-induced pressure pulsations in engineering systems that involve a cavity mounted in a pipeline. These self-sustained oscillations pose substantial risk, as they can cause fatigue damage to the system and the associated acoustic pressure levels can be harmful to humans. This review focuses on experimental and semi-empirical methods of prediction of the acoustic response of pipeline-cavity systems, with specific emphasis on the description of the acoustic noise source and the interaction between the separated flow that exists in the vicinity of the cavity opening and three types of resonant acoustic modes that can be excited by the flow: longitudinal modes of the main pipeline, transverse modes of a side branch (deep cavity) and azimuthal modes of an axisymmetric cavity. Fundamental insight into the physical mechanism of excitation of the resonant acoustic modes provided by quantitative flow imaging is discussed. In particular, application of particle image velocimetry (PIV) for identifying and quantifying the features of the acoustic source is described for each type of the acoustic modes, along with the associated challenges and the limitations of applicability. Moreover, effects of the modifications of the system geometry on the acoustic response and the structure of the noise source are presented. The geometrical features considered in this paper include asymmetry of the main pipeline, splitter plates located in the vicinity of the opening of the cavity, and chamfers of the leading and the trailing edges of the cavity.
Introduction
This paper considers self-sustained pressure oscillations in pipelines that are due to flow instabilities. Specifically, coupling between the unstable, separated shear layers that form across the openings of cavities mounted in the pipeline and the acoustic resonance modes of the pipeline-cavity system is discussed. This section provides an overview of the flow-acoustic coupling mechanism.
Vortex sound theory
The energy transfer between the acoustic and the vorticity-bearing (hydrodynamic) velocity fields is described by the vortex sound theory that was developed by Powell (1964) and generalized by Howe (1975) . The acoustic field is defined as the unsteady irrotational component of the velocity field V. Under the assumption of negligible frictional losses, the interaction is described by the Crocco's form of the Euler's equation
where B is the total enthalpy, and ω is the vorticity. If the Mach number is low, the convective effects of the propagation of sound can be neglected, and the instantaneous acoustic power P w within a volume  can be obtained from
where V is the fluid velocity, and u ac is the acoustic particle velocity, which is defined as the unsteady irrotational component of the fluid velocity.
Overview of hydrodynamic modes
The shear layer oscillations typically occur at several limited rages of the inflow velocity U, which correspond to distinct oscillation modes (so called hydrodynamic or Strouhal modes). The order of the hydrodynamic oscillation mode is represented by a natural number n. A hydrodynamic mode of the order n corresponds to n vortices present simultaneously in the cavity opening. In the case of the first hydrodynamic mode (n = 1), a single large-scale vortex is present in the opening of the cavity at any given time. At moderate pressure pulsation amplitudes, the vortex is convected across the cavity opening with a convective speed U c ≈ 0.4U (Tonon et al., 2011) . After the vortex leaves the cavity by either moving into the main pipeline or impinging on the downstream corner of the cavity, a new vortex forms at the upstream edge. The frequency f of the shear layer oscillation is the frequency of formation of the large-scale vortices. Thus, for n = 1, the travel time for the vortex across the cavity opening is T = 1/f.
Frequencies of the hydrodynamic modes can be approximated using a semi-empirical model developed by Rossiter (1964) :
where L is the characteristic length of the cavity and M is the Mach number. The empirical constants κ and a represent the ratio of the average convective speed of the vortical structures across the cavity to the inflow velocity and the end correction, respectively .
Overview of acoustic modes
Acoustic resonance of the pipeline-cavity system takes form of a standing wave of acoustic pressure, which is referred to as an acoustic mode of the system (Tonon et al., 2011) . In general, the mode shape is defined by the geometry of the system and the boundary conditions. The acoustic resonance modes can be broadly categorized into global modes, which involve the entire system, and trapped modes, which are localized to a specific part of the system (to the vicinity of the cavity in the case of the pipeline-cavity system). The trapped acoustic modes are associated with zero radiation losses. Although existence of such modes has been demonstrated, partially-trapped modes with relatively small, or negligible, levels of radiation losses are more common in engineering systems. In this paper, we consider excitation of longitudinal (global) acoustic modes of the pipeline by the oscillations of the separated shear layers that exist across the opening of a shallow, circular cavity mounted near the middle of the pipeline, as shown in Fig. 1 . The details of the experimental system are provided in (Erdem et al., 2003) . The cavity had the length L = 63.5 mm and the depth W = 12.7 mm. The main pipeline had the diameter D = 25.4 mm and a nominal length of 4,797.6 mm. The effect of the pipeline asymmetry on the acoustic response of the system was investigated by implementing an extension of the downstream section of the pipeline, which was varied from 0 to 622 mm.
In addition, two types of partially trapped modes were investigated: the transverse modes of the coaxial side branch system shown in Fig. 2 , and the azimuthal modes of the deep, circular cavity shown in Fig. 3 . Fig. 1 Overview of the asymmetric pipeline-shallow cavity system. (Erdem et al., 2003) . In the case of the coaxial side branch system (Fig. 2) , the main duct with the width D = 6.35 mm, the lengths of the upstream and the downstream sections of 454 mm and 12.6 mm, respectively, and the side branches with a square cross-sections and the length L = 25.4 mm were used in the experiments. In order to limit the hydrodynamic interaction of the shear layers and to investigate its effect on the intensity of acoustic resonance, a bluff rectangular splitter plate was placed in the middle of the cross-junction. The flow features were characterized for three cases corresponding to different chord lengths (c) of the splitter plates that had a thickness t = 1.85 mm and an out-of plane dimension of 25.4 mm. The three cases corresponded to c = 0 (no splitter plate), c = 5 mm, and c = 10 mm (with chord-to-thickness ratios: c/t = 0, 2.7, and 5.4, respectively).
The experimental apparatus used for investigation of the partially-trapped azimuthal modes, which is shown schematically in Fig. 3 , consisted of a deep circular cavity mounted in an aluminum pipeline that had an internal diameter D = 21.1 mm. The cavity had the length L = 25.4 mm and the depth W = 91.06 mm. In addition to the reference cavity geometry with the sharp, 90° edges, three additional configurations were investigated. In these modified configurations, the cavity corners, indicated by points A and B in Fig. 3 , were removed by introducing identical chamfers (indicated by dashed lines) with the angle α = 15° to the upstream and the downstream edge. Three modified configurations, with the corresponding chamfer lengths L c = 1.27 mm, 3.81 mm and 10.16 mm were considered.
Each experimental model was designed to allow acoustic pressure measurements. Three piezoelectric pressure transducers were flush mounted into the bottom wall of the cavity. Particular attention was paid to ensuring that for the considered range of the flow velocities no acoustic resonance would be generated in the region between the face of a transducer and the edge of the pressure tap at the interior surface of the cavity wall.
The frequencies of the diametral acoustic modes and the associated mode shapes were calculated numerically by solving the eigenvalue problem corresponding to the following Helmholtz equation in a three-dimensional domain representing the internal geometry of the pipeline-cavity system:
where  is density of the air, c 0 is the speed of sound, and  = 2f (rad/s) is the angular frequency. The details of the numerical procedure, including the domain discretization and the mesh independence study are reported in (Barannyk and Oshkai, 2012) for the case of a shallow cavity. 4 shows the calculated pressure distributions corresponding to the first, the fourth, and the seven's trapped diametral modes. The corresponding calculated pressure oscillation frequencies were equal to f 1 = 992 Hz, f 4 = 2,891 Hz, and f 7 = 4,618 Hz, respectively. The numerical procedure outlined above yields the mode shapes and the associated frequencies for the case of the stagnant fluid. The experimental measurements revealed spinning behavior of the locked-on diametral modes, which was reported earlier by Aly and Ziada (2011) for axisymmetric cavities. Simultaneous measurements of the acoustic pressure at three different azimuthal locations indicated in Fig. 3 by P 1 , P 2 and P 3 allowed determination of the orientation of the acoustic modes, and hence the distribution of the acoustic particle velocity, at each phase of the acoustic oscillation cycle.
Criteria for evaluation of the flow-tone lock-on
Rockwell et al. provided an overview of the features of the flow-tone lock-on phenomenon, or flow-acoustic resonance. They considered variation of the spectral peak of the pressure amplitude as a function of the inflow velocity and showed that a combination of the features listed below constituted a resonant, or locked-on, condition.
(a) Frequency coincidence. Generally, a resonant condition occurs when the frequency of the hydrodynamic instability, and therefore the associated frequency of the vortex formation, of the separated shear layer matches the frequency of an acoustic mode of the resonator. In the absence of the lock-on, well-defined peaks due to both of these origins can be observed. However, the frequency coincidence, or occurrence of a single frequency, is observed during lock-on.
(b) Local maximum in the pressure amplitude spectrum. A necessary, but not sufficient, condition for the lock-on is the elevated level of the acoustic pressure P with respect to the background pressure level P bg , which the pressure level away from the resonant peak.
(c) Increased slope of pressure amplitude P as a function of the inflow velocity U. As the inflow velocity is increased, the slope of the P/P max curve increases as the lock-on condition is approached. Here P max is the acoustic pressure level corresponding to the flow-tone lock-on.
(d) Increased quality (Q-) factor of the pressure amplitude peak as a function of the inflow velocity. In this case, the Q-factor is defined as Q = f 0 /(f 2 -f 1 ), where f 0 is the center frequency, and f 1 and f 2 are the frequencies of the half-power points on the lower and the upper sides of the peak, respectively. The lock-on condition corresponds to an increase (by an order of magnitude) of the Q-factor of the spectral peak of the acoustic pressure. It should be noted that substantial uncertainty is associated with the calculation of the Q-factor. However, this criterion was found to be useful for identification of the lock-on, when used in conjunction with other criteria. 
Flow imaging
The technique of particle image velocimetry (PIV) was implemented to acquire quantitative images of the air flow across the cavity opening. The PIV system consisted of an Nd:YAG dual cavity laser, which provided illumination of the flow field. The flow was seeded with Di-Ethyl-Hexyl-Sebacat (DEHS) droplets with the mean diameter of 1 µm. The Stokes number of the droplets was equal to 2.8 x 10 -3 , which indicated that the droplets were sufficiently small to accurately follow the flow (Raffel et al., 2007) . The images of the tracer particles (droplets) were recorded with a digital camera with a Charge-Coupled Device (CCD) sensor that consisted of 1376 × 1040 pixels.
The main components of the PIV system and their position with respect to the flow system in the case of the coaxial side branch resonator are shown schematically in Fig. 5 . In the case of the deep circular cavity shown in Fig. 3 , the dimensions of the cavity and the highly confined nature of the flow under consideration presented several challenges for implementation of PIV. In particular, optical access for the camera to the area of interest was limited due to the parallax effect produced by the high depth-to-length ratio of the cavity. Moreover, the curved walls of the cavity introduced a significant amount of optical distortion to the particle images. Combination of these factors made conventional flow imaging unfeasible. In order to overcome these challenges, the camera was outfitted with a borescope, which optically projected the area of interest to the CCD sensor. Fig. 5 Overview of the components of a PIV system applied to the flow past two coaxial side branches.
In order to minimize the interference between the laser light reflected from the cavity walls and the light scattered by the tracer particles, the interior surfaces of the pipeline-cavity system were coated with a fluorescent paint in order to change the wavelength of the reflected light. A band-pass filter attached to the lens of the camera prevented the reflected light from reaching the CCD sensor. A mixture of Rhodamine-B with clear coat paint was used in conjunction with a 528 nm band-pass filter.
Pairs of tracer images were collected at a rate of 4.9 image pairs per second. The beginning of image acquisition sequence was synchronized to a zero-crossing of the acoustic pressure signal at the locked-on condition. The time interval between the images in each pair was interactively adjusted in order to optimize the accuracy of the calculated particle displacement. The images were processed using a multipass cross-correlation algorithm to calculate the flow velocity vectors based on the local displacement of the tracer particles. A typical error using discrete window offset algorithms in PIV is on the order of 0.1 pixels (Huang et al., 1997; Westerweel et al., 1997) , and a conservative estimate of 5% error in true particle displacement can be assumed. Fig. 6 illustrates the effects of location of the oscillating shear layer formed across the cavity (the acoustic source) with respect to the standing wave pattern of the longitudinal (global) acoustic modes of the pipeline cavity system shown in Fig. 1 . The acoustic mode shape was altered by introducing an extension of the length X T to the downstream section of the pipe. Fig. 6 Variations of frequency f P and magnitude P of predominant pressure peak and the Q-factor of corresponding pressure peak as functions of length X T of pipe extension normalized by the pipe diameter D and the acoustic wavelength λ. (from (Erdem et al., 2003 ))
Excitation of longitudinal modes of the pipeline: effect of pipe asymmetry
The variation of the frequency f P shows a maximum decrease of 4%. In contrast to this modest change in the frequency, a substantial decrease of the acoustic pressure amplitude could be obtained at relatively small values of the pipeline extension. Likewise, the Q-factor of the dominant pressure peak decreased by approximately an order of magnitude outside of the locked-on flow regime.
Excitation of transverse modes of coaxial side branches: effect of splitter plates
In the case of the coaxial side branches mounted in a duct (Fig. 2) , PIV was used to obtain insight into the effects of splitter plates on the vorticity-bearing flow structure, which led to attenuation of the flow-tone lock-on associated with specific hydrodynamic modes (Oshkai and Velikorodny, 2013) . Specifically, phase-averaged patterns of the out-of-plane vorticity allowed identification of individual vortices that formed across the side branch openings (Fig. 7) . These flow patterns were obtained by ensemble-averaging of up to 100 PIV images that were acquired at the same phase of the acoustic pressure oscillation cycle. Fig. 7 Patterns of phase-averaged vorticity corresponding to the cases of no splitter plate (top row), c/t = 2.7 (middle row) and c/t = 5.4 (bottom row) at two different phases in the acoustic oscillation cycle. (from (Oshkai and Velikorodny, 2013) ).
It can be observed in Fig. 7 that the interaction of the shear layers with the splitter plate resulted in the enhanced transverse oscillation of the shear layers. The amplitude of this oscillation is directly related to the generated acoustic power. Farther downstream, flow separation at the leading edges of the splitter plate resulted in formation of two additional shear layers, which interacted with the trailing edge of the plate and subsequently formed a vortex street in the wake of the plate. The vortices that originated from the upper and the lower surfaces of the plate are labeled "1" and "2", respectively. The trajectory of these vortices was affected by the presence of the larger vortices 3 and 4. At the subsequent phase (shown in the right column), the vortices 1' and 2' travelled toward the bottom trailing edge of the cavity with relatively higher convection speeds due to acceleration of the flow around the splitter plate. The convection speed can be approximated from the known positions of the vortices at each phase of the oscillation cycle. It should be noticed that both the shear layers that originated from the upstream edges of the side branches and those that originated from the splitter plate exhibited the second hydrodynamic oscillation mode, i.e. two vortices were formed in each shear layer during a typical acoustic oscillation cycle.
The flow imaging data were also used to calculate the hydrodynamic contribution (ω×V) to the acoustic power integral of Eqn. (2). In conjunction with the numerically-calculated acoustic particle velocity u ac (Oshkai et al., 2008) , this information allowed evaluation of the spatial distribution of the source of the generated acoustic power. The acoustic source, which is shown in Fig. 8 for the two values of the chord-to-thickness ratio of the splitter plate, corresponds to the integrand of the Eqn. (2). (Oshkai and Velikorodny, 2013) ) Fig. 8 shows that two dominant source-sink pairs extended from the leading edges of the side branches up to x = 15 mm. This region corresponded to flow separation from the leading edge of the splitter plate. Additional source-sink pairs formed immediately downstream the splitter plate. Prior to impingement on the downstream corners of the side branches, interaction of the separated shear layers with the wake of the plate resulted in formation of a single large-scale source region. This region exhibited a complex structure and lower values of acoustic power compared to the two sources located in the vicinity of the plate.
Excitation of azimuthal modes of the circular cavity: effect of edge geometry
The acoustic response of the pipeline system with a deep circular cavity is illustrated in Fig. 9 . The top plot shows 272 individual pressure spectra corresponding to the reference case of the 90° cavity edges (without chamfers) as a function of the inflow velocity in a waterfall format. The plot shows multiple peaks of elevated pressure amplitude, which occurred for a wide range of the inflow velocity. The pressure peaks are clustered around approximately constant frequency values that correspond to the resonant acoustic modes of the cavity-pipeline system. It should be noted that the dominant pressure peaks corresponded to the first, the fourth and the seventh diametral acoustic modes of the cavity, which are shown in Fig. 4 .
The plots of acoustic pressure amplitude corresponding to the chamfered edges of the cavity with a chamfer length L c = 10.16 mm show broadband excitation of multiple resonant frequencies over a very wide range of the inflow velocities (U ≥ 30 m/s). The locked-on flow states were completely eliminated. This phenomenon can be attributed to a combination of two factors: (a) increased acoustic radiation into the main pipeline due to the modified geometry of the cavity and (b) increased vorticity thickness of the separated shear layer across the cavity, which interfered with formation of coherent vortical structures. 
Conclusions
Flow-acoustic coupling in cavity-pipeline systems was investigated using a combined approach that involved numerical simulation of resonant acoustic mode shapes, measurements of acoustic pressure and quantitative flow imaging.
The acoustic response manifested itself as high-amplitude, self-sustained pressure oscillations corresponding to the global acoustic modes of the pipelines or the trapped modes of the cavity, which were excited by the first three hydrodynamic oscillation modes of the separated shear layers that formed across the cavity opening.
Introduction of geometric modifications to the system, such as extensions to the main pipeline, splitter plates located along the centerline of the duct and chamfers to the upstream and downstream edges of the cavity effectively suppressed the locked-on flow tones. It is suggested that these geometric features interfere with effective energy transfer between the vorticity-bearing and the acoustic velocity components by affecting the vortex dynamics and/or increasing acoustic radiation into the pipeline. 
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